2 of this subpar performance is the inherently low electron density that yields significantly reduced plasma frequency compared to noble metals. This fundamental property associated with all new plasmonic materials dictates that while new materials do hold a number of advantages, including tunability and ability to withstand high temperatures, noble metals even with their ohmic losses are not likely to be replaced in the foreseeable future.
Fueled by the rapid advancement in nanofabrication technology, optical metamaterials, defined as artificial materials possessing properties that do not exist in nature, have been in the focus of attention around the world in recent decades 1 . The driving force behind these efforts has been the promise of engineering advanced optical devices capable of performing functions unattainable with conventional optical media. The most desired property associated with the metamaterials that brings about most novel functions has been the negative refractive index made possible by the negative values of both permittivity ε and permeability µ with properly engineered constituents. The most commonly used constituent of metamaterials is metal because of its intrinsic negative permittivity and ability to exhibit negative permeability when engineered into special shapes with subwavelength dimensions. A unique feature of these subwavelength metal nanostructures is the extreme localization of the electromagnetic fields in the modes known as the surface plasmon polaritons (SPPs). A wide range of applications have been proposed for these plasmonic metamaterials including bio-and environmental sensing, light harvesting, and nonlinear optical processing. Light sources and detectors among others can benefit from the strong localized SPP fields that often improve either efficiency or speed, preferably both 1, 2, 3 . Tightly confined propagating SPPs have long been promoted to achieve subwavelength waveguides for future on-chip optical interconnects 4, 5, 6 . In addition, novel functionalities made possible by metamaterials and metasurfaces relying on SPPs have been envisioned such as super lenses 7 , optical cloaks and other transformational optics schemes 8 .
With all the effort committed to bringing these promises into reality over the past decade, few have made inroads in real world applications. The plasmonics community has slowly come to the consensus that the ohmic losses of the metals including the noble ones which are the mainstay of plasmonics and metamaterials are simply too high. The free electrons in metal that 3 yield the negative real part of the frequency-dependent dielectric function also give rise to the imaginary part that is responsible for the loss because of the momentum scattering as ( ) It is not difficult to argue that had the imaginary part of the dielectric function vanished by eliminating electron scattering in the metal, majority of the envisioned novel functionalities and impressive enhancement would have been materialized by now. This can be easily understood from the point of view of energy conservation for SPP oscillation. In any optical cavity made of dielectric in which electromagnetic modes are supported, the mode energy oscillates between electrical and magnetic forms that are exactly balanced. But when the characteristic dimension of such a cavity becomes subwavelength, the mode energy can no longer be balanced because the magnetic field begins to diminish and the system enters the so called quasi-static regime. In other words, the potential form of the electrical energy has no matching kinetic counterpart in the form of magnetic energy, as a result, no optical mode can be confined in a subwavelength dielectric cavity, which is the well-known diffraction limit 9 . The following question then arises: how does a subwavelength metal nanostructure support SPP modes? The answer can be found in the collective kinetic motion of the free electrons in metal that simply does not exist in dielectrics except the relatively narrow Reststrahlen region in far IR. As the magnetic energy continues to decrease when the plasmonic structure is being shrunk deep into subwavelength dimensions, the kinetic energy of the free electrons becomes increasingly dominant to make up for the diminishing magnetic energy in order to balance the electrical potential energy, so at some welldefined frequencies the self-sustaining SPP modes can be supported. But as soon as the energy is stored in the form of electron kinetic motion, it becomes subject to loss as electrons get scattered in metal 9 . While the electron kinetic energy loss should be twice as fast as its momentum loss at 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 γ , because the SPP energy is stored half of the time in the kinetic form, the SPP mode decays roughly at the rate 14 1 10 s γ − ≈ depending on the actual ratio of the kinetic energy stored in electron motion to that stored in the magnetic field. It is not hard to see the deeper the subwavelength of the metal structure, the stronger the SPP confinement and therefore the higher the SPP mode loss 10 .
The frustration with the inherent metal losses has eventually led the plasmonics/metamaterials community to the idea of finding alternative plasmonic materials with a negative real part of the dielectric function but considerably smaller loss. can be tuned to the same wavelength by varying the doping density and aspect ratio respectively.
Our simulation results support the conclusion that noble metals consistently deliver better figure of merit even in the mid IR range with lower effective SPP mode loss in both subwavelength particles and waveguides are always superior to doped semiconductors when loss is the only concern. The argument for alternative plasmonic materials can still be made in areas of other considerations such as cost, availability, compatibility with existing technology, melting point, optical damage threshold, etc., but, when it comes to the ability to sustain low loss tightly confined SPP modes metals appear to be the materials of choice in the foreseeable future.
Results and Discussion

Scaling of Effective SPP Loss
While noble metals have their plasma frequencies up in the ultraviolet, the SPP resonances supported by the subwavelength particles made from them can be tuned to lower frequencies. In the case of the mid IR, the structures of interest may not need to be in tens or even hundreds of nanometers in order to support SPPs so long as they are subwavelength which could be on the order of a micrometer. They should therefore not be referred to as nanostructures or nanoparticles. Let's now consider an Au ellipsoidal particle with a length l and cross-section of diameter a as shown in Fig. 2 (a) whose aspect ratio can be adjusted to obtain SPP resonances from visible to mid IR. As has been discussed above, the SPP mode oscillates between the "potential" or "in-phase" and "kinetic" or "quadrature" energy and the loss occurs when the energy is stored in the collective motion of the free electrons which is a part of the quadrature energy that also includes a non-dissipative magnetic component. The actual or effective SPP loss should therefore depend on how the total kinetic energy is divided between free electron motion k E and magnetic component m E as
Upon the optical excitation, the electric field permeates into the particle by a skin depth, roughly 
It is important to realize that because the skin depth is determined only by the plasma wavelength, eff S does not depend on the excitation or SPP wavelength, but rather only on the plasma wavelength p λ and the characteristic dimension a . Clearly, if the diameter of the particle is much smaller than the skin depth, If we model SPPs in terms of LC oscillations, the cycle when energy is stored in the form of electron kinetic motion and magnetic field is equivalent to that of energy being stored in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
, on the other hand, shows a very weak dependence on a . Since the expression in the square brackets varies only from 1 to 2 as the ratio ( / ) l a increases from 1.5 to 5 and thus can be dropped in our order-of-magnitude analysis, we obtain a very simple relation between the effective loss rate and the ratio of / p a λ
where
This expression is obviously valid for both Au and doped InGaAs, but for Au x can be significantly larger than 1, while for doped semiconductor with its longer plasma wavelength x is typically less than 1, which should lead to large effective loss.
This expression for effective loss can actually be generalized to describe other subwavelength structures, such as a split ring resonator (SRR) 21 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 is actually higher in metals with large density of free electrons. Furthermore, one can use the circuit analogy to obtain an estimate of the resonant frequency of the SPP in the limit of small particles as
The dependence of the effective loss normalized to the electron momentum scattering rate / eff γ γ on the ratio of / p a λ is shown in Fig. 3(a) Fig. 3(b) . As follows from Table 1 , because the Au plasma frequency is about 37 times of that in InGaAs, in order to tune the SPP resonance to the same wavelength, the length of Au ellipsoid will be longer than that of InGaAs since their cross section diameters are chosen to be identical. As one can see from Fig. 3(b) , the aspect ratio of the Au particle can be tuned to obtain SPP modes over a much wider spectral range than that of the doped InGaAs which does not support SPPs when 5 λ < µm. We can push SPPs to somewhat shorter wavelength with higher doping in semiconductors, but this usually causes their scattering rate to go up and approach metal loss, defeating the purpose of using them as alternative plasmonic materials. The effective loss of Au particle asymptotically reduces from its bulk value 
SPP Field Enhancement Comparison
Having analyzed the scaling of the effective loss, we shall now examine the SPP field enhancement in plasmonic structures numerically. The comparison is made between subwavelength structures of either Au or doped InGaAs for field enhancement in mid IR. SPP resonances are tuned in two distinct ways. We use doping in InGaAs sphere to adjust its SPP resonance. As one can see from the extinction spectra in Fig. 4(a) , the resonance can be continuously tuned to cover a broad (nearly an octave-wide) range from about 7 to 13 µm by reducing doping in InGaAs from We have taken care to round the ends of the Au rod to avoid special localization effect that takes place at the sharp edges. We then used Lumerical numerical FDTD software to simulate the SPP Fig. 5(b) . The maximum achievable field enhancement for both structures is compared in Fig. 5(b) where the SPP field near the ends of the Au rod is consistently stronger than that near the poles of the InGaAs sphere throughout the mid IR range of 7 to 13 µm, despite the fact that Au has an-order-of-magnitude larger scattering rate than Fig. 3(a) .
SPP Propagation Length in a Plasmonic Waveguide
Another purported benefit of the doped semiconductors as alternative plasmonic materials is their ability to support SPPs traveling in sub-wavelength plasmonic waveguides 22, 23, 24 and having reduced loss. With the lower losses in doped semiconductors by about one order of magnitude relative to noble metals, the expectation has been that plasmonic waveguides made of these alternative materials can support low-loss SPPs that can travel much longer distance than those of metals before being dissipated. This expectation appears to be logical at first glance, but the already-mentioned recent theoretical analysis 20 , as well as other recent works 25 has shown that similar to the disappointing SPP field enhancement with the alternative plasmonic materials, the much anticipated benefit in doped semiconductor waveguides remains elusive. Unlike the localized SPPs around a subwavelength plasmonic structure exhibiting resonance behavior, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 gap SPP in a plasmonic waveguide exists over a broad range of frequencies and can be confined in subwavelength dimensions, e.g. the gap thickness can be made much less than the SPP wavelength a λ << , when sandwiched between two plasmonic layers either of metal or doped semiconductor as shown in Fig. 6(a) . The gap SPP confined in such a waveguide is a TM mode and its propagation constant can be approximated as
The real part is slightly larger than the wavevector in the dielectric core, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 Using the electrical engineer's vocabulary, one can simply state that while the mobility of a doped semiconductor easily exceeds that of a metal, the conductivity is always less in doped semiconductor and since it is the overall resistance determines the energy dissipation, this dissipation is always higher in semiconductors.
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